Loss of nitrogen from the agricultural production system is of concern in Ontario. The challenge for researchers and farmers is to fulfi ll crop water requirements while limiting chemical movement with surface and subsurface runoff. The main objective of this study was to evaluate the long-term effects of current N management practices for corn production for two different soil types using the Root Zone Water Quality Model (RZWQM) for southern Ontario conditions. The model simulated the amount of subsurface tile drainage, residual soil nitrate-nitrogen (NO 3 -N), NO 3 -N in subsurface drainage water, and crop yield. The validated RZWQM for silt loam and sandy loam soils showed that the relative long-term effectiveness of the most economic rate of nitrogen (MERN) for corn production fl uctuates signifi cantly from year-to-year in response to weather patterns. In addition, soil type had a small but signifi cant effect on the MERN. Side-dress application of N on sandy loam resulted in signifi cant reduction in corn yield and NO 3 -N loss to shallow groundwater. Also, crop rotation from corn-soybean to corn-soybean-soybean resulted in a greater reduction of NO 3 -N loads in the tile outfl ow on silt loam soil than on sandy loam soil. Overall, the RZWQM simulated tile drain fl ow, NO 3 -N loss, and crop yield with reasonable accuracy. However, more fi eld work is needed to assist with identifying suitable values for a number of coeffi cients used in the RZWQM's nutrient component for Ontario conditions.
Introduction
The extensive use of nitrogen (N) fertilizer to improve crop yield is also responsible for increased N in surface and subsurface drained waters (Baker and Johnson 1981; Fleming and Fraser 1999; Randall and Vetsch 2005) . Goolsby et al. (2001) also found that the annual nitratenitrogen (NO 3 -N) fl ux to the Gulf of Mexico from the Mississippi River system has approximately tripled during the last 30 years.
Tile drainage is a very common water management practice in the Midwestern region of the United States and central Canada to improve the soil water environment. The contribution of subsurface drainage to the loading of NO 3 -N to streams and lakes has been identifi ed by many researchers (Kladivko et al. 1991; Weed and Kanwar 1996; Bonte-Gelok and Joy 1999; Goolsby et al. 2001; Randall and Vetsch 2005) , including those studying the Mississippi River system (Randall and Mulla 2001) . The major concern over loss of N from the agricultural production system also exists in Ontario (Fleming and Fraser 1999; Beard 2002) . A survey of nearly rural water wells in rural Ontario by Goss et al. (1998) indicated that 14% of the wells exceeded the drinking water quality standard of 10 mg·L -1 for NO 3 -N concentrations. In Canada, there is also an increasing concern over the effects of high NO 3 -N loading on amphibians (Chambers et al. 2001) .
The application of N to fulfi ll crop needs is affected by soil type, crop N requirement, weather conditions, and management practices (Yoon et al. 1994; Dinnes et al. 2002; Karlen et al. 2005) . Soil and water management practices such as tile drainage and seasonal precipitation have a signifi cant effect on the soil water potential and crop yield, respectively (Vanes et al. 2005) . Crop management practices such as corn-soybean rotations can reduce NO 3 -N losses in tile-drained water by up to 14% when N is applied in spring compared with fall application (Randall and Vetsch 2005) . The effect of continuous corn and corn-soybean rotation on soil residual N, legume residue, and corn yield was evaluated by Omay et al. (1998) on two different soil types. They found that crop rotation increased corn yield and that legume residue was important for long-term maintenance of soil residual N for future crops. Scharf et al. (2005) evaluated the spatially variable corn yield and economically optimal N fertilizer rates (Economically Optimal Nitrogen Rate [EONR] , 0 to 280 kg·ha -1 ) by using a quadratic-plateau function, and found that better yields by EONR increased the profi t by an average of $38 per hectare.
The effect of N application rate and timing of application to crops in sandy soils was assessed by Gehl et al. (2005) who indicated that N rates can be reduced by 40% with split application, which prevents contamination of groundwater. Shahandeh et al. (2005) found a signifi cant effect of soil texture on residual soil N and demonstrated the importance of soil texture for various N application rates. Also, Jaynes and Colvin (2006) reported that midseason application of N adversely affected the drainage water quality when compared with a single application at emergence. Therefore, N management practices are being explored to minimize the loadings of NO 3 -N in tile outfl ows and associated receiving water bodies.
In Ontario, NMAN, a nutrient management planning tool (software), is being used for nutrient management (OMAFRA 2001) . In the NMAN, it is assumed that application of N at a rate matching with the most economic rate of nitrogen (MERN) (McDonald et al. 2005) will result in optimized crop yield and will also reduce environmental impacts. Verifi cation of best management practices (BMPs) such as MERN through the traditional approach of fi eld experimentation is costly and time-consuming (Yiridoe et al. 1997) . Therefore, computer-based simulation modeling approaches are being explored to evaluate the effectiveness of BMPs (Addiscott et al. 1991; Magdoff 1991; Ma et al. 2000) .
During the last few decades, several watershedand fi eld-scale computer simulation models have been developed to evaluate the impact of BMPs on surface water and shallow groundwater quality (Pearson et al. 1996; Ma et al. 2000; Sogbedgi et al. 2001 ). Examples of watershed-scale models include AnnAGNPS (Annualized Agricultural Nonpoint Source Pollution Model) (Bingner and Theurer 2003) and SWAT (Soil and Water Assessment Tool) (Arnold et al. 1998) , and fi eld scale models include DRAINMOD (Water Management Simulation Model ) (Skaggs 1982) , the Root Zone Water Quality Model (RZWQM) (RZWQM Team 1992) , GLEAMS (Groundwater Loading Effects of Agricultural Management Systems) (Leonard et al. 1987) , and LEACHM (Leaching Estimation and Chemistry Model ) (Wagenet and Hutson 1989) .
Although considerable effort has been devoted in the development of computer models for the simulation of hydrological processes (Wagenet and Rao 1990) , the validation of these models is limited due to constraints of capital, time, and observed data. The evaluation of a model's ability to simulate fi eld conditions is necessary in emulating the real world (Saleh et al. 1990 ). In addition, the calibrated models are rarely tested with independent data sets for various soil types and environmental conditions (Addiscott and Wagenet 1985; De Willingen et al. 1990) .
The RZWQM, a comprehensive model (Hanson et al. 1999) , has the potential to simulate the effects of various BMPs on subsurface drain fl ow and soil-water quality (Singh et al. 1996; Jaynes and Miller 1999; Wu et al. 1999; Singh et al. 2001; Nielsen et al. 2002; Sassendran et al. 2004) . Bakhsh et al. (2001) suggested that the RZWQM has the potential to evaluate the effects of N application rates on crop yields and NO 3 -N losses in the tile outfl ow for the US Midwestern region. Long-term simulations using historical data by Saseendran et al. (2004) also showed that the RZWQM performed well in evaluating the impact of N application rates under rain-fed and low-rainfall conditions in eastern Colorado. Singh et al. (2001) compared the RZWQM and DRAINMOD for annual NO 3 -N losses to tile outfl ows, and found that both models have the capability to simulate the effect of crop rotation under different climatic conditions.
Although the RZWQM has shown the potential to evaluate soil water quality in the various regions in the U.S.A., there is little information available on the application of the RZWQM under Ontario conditions. Therefore, the objectives of this study were to evaluate the application of the RZWQM to assess the longterm effectiveness of current N management practices, including MERN, for corn production in southern Ontario. The specifi c objectives were:
to evaluate the long-term effect of MERN, soil type,
• timing and frequency of N application, and crop rotation on crop yields and NO3-N losses to tile and groundwater, to determine the effect of annual and seasonal rainfall
• patterns during crop year, and of crop type on NO 3 -N loss to tile and groundwater, and to identify the limitations of the RZWQM and to
• make recommendations for application under Ontario conditions.
Methodology
The RZWQM version 1.0.2000.1129 was designed with an intent to evaluate the long-term impact of crop management systems on crop productivity and environmental quality . Full details on the RZWQM can be found in Ahuja et al. (2000) . An iterative step-wise approach suggested by Ma et al. (1998) and Hanson et al. (1999) was followed to calibrate and validate the model. The details on the sensitivity analysis, calibration, and validation of the model for southern Ontario are described in Ahmed et al. (2007) . The application of the RZWQM to evaluate current N management practices on crop yields and NO 3 -N losses to tile outfl ow in southern Ontario is described in this paper.
Soil Type Effect
Data for two different soil types (texture) were acquired to evaluate the effect of soil type on the MERN. Data for a silt loam and Fox sandy loam were used for the simulations. Characteristics of silt loam soil were taken from Vandenbygaart et al. (1999) . Soil characterization data for Fox sandy loam soil used in this study were adopted from the Tillage 2000 project (Aspinall 2001) for the Middlesex County Strathmere Lodge Demonstration Farm. Tile drains were not installed on this site, however water table depths and NO 3 -N concentrations in the groundwater were measured on this site (Ryan and Stokman 2000) . The ninety-six years of London-generated climate data were used to apply the model to simulate a no-till corn-soybean production system. Detailed soil profi le data for both sites are shown in Table 1 .
Evaluation of Long-Term Effect of N Management Practices
MERN effect. The RZWQM was combined with a weather generator, ClimGen (Nelson 1996) , to evaluate how year-to-year climate variability affects the MERN for corn in rotation. The fi eld-observed values of saturated hydraulic conductivity for silt loam and sandy loam soils were 5.3 and 8 cm·hr -1 , respectively. Humus and microorganism pools were initialized by running the model for 20 years (10 crop rotation cycles), with the status of these pools saved at the end of this run for use as the initial conditions. These initial condition runs were done by using the generated weather data. It was felt that a 20-year period would be a good range of weather conditions including dry years and wet years. N management practices. Many opportunities for application of nitrogen occur during the year; it can be applied from the fall after harvest until side-dress (when corn has six leaves). The RZWQM was used to evaluate the effect of delaying N application until side-dress time on the silt loam and sandy loam soils. Instead of corn receiving the entire application of N at planting (May 10), about 10 kg of N per hactare was applied at planting, and the remainder was applied on June 15.
Increasing the proportion of legumes in a crop rotation system can reduce the amount of commercial fertilizer applied over the years. The effect of a change in crop rotation from corn-soybean to corn-soybeansoybean rotation was investigated for the silt loam and sandy loam soils. All fertilizer nitrogen was applied at planting time.
Annual and Seasonal Precipitation Effect
Yield data for Middlesex County have shown that wetter than normal years result in lower corn yields (OMAFRA 2002) . The variations in yields were due to the soil water content under different rainfall patterns. These fi ndings are interesting and deserve further investigation to determine if model simulation results match reality. Therefore, an evaluation was made between the MERN and the total precipitation observed both seasonally and during the crop year.
Ninety-six years of generated climate data for the London weather station, Ontario, were divided in four categories: dry (the driest twenty-four years), wet (the wettest twenty-four years), and the remaining forty-eight years of precipitation amounts were assigned as "drynormal" or "wet-normal" depending upon their value relative to the mean.
Precipitation data were also categorized for the crop year (April 15 to April 14), spring (April 15 to June 30), summer (July 1 to September 14), the previous fall (September 15 to December 14), and the previous winter (December 15 to April 14). An analysis of variance (ANOVA) was used to identify any signifi cant relationship between the simulated MERN and the seasonal and crop year precipitation using a quadratic model.
Results and Discussion

MERN Effect on Crop Yield and Soil Type
The MERN was developed by running the RZWQM for corn yield with 96 years of climatic data, and for a set of twelve N application rates (0, 30, 61, 92, 112, 122, 138, 153, 168, 184, 214, 245 , and 275 kg·ha -1 ) on a silt loam and a sandy loam soil. The 48 years of modeled corn yield responses were fi tted to the following equation to get the coeffi cients (a, b, and c) for the subsequent second order polynomial: Corn yield = aN 2 + bN + c, where N is the nitrogen fertilization rate.
Each year then ends up with a unique set of coeffi cients. For example, the equation for the simulated year 42 is:
Corn yield = -0.0694N 2 + 29. 49N + 5,231.6 (1)
The quadratic model (equation 1) is the basis for Ontario's current N recommendations (Beauchamp et al. 1987) . Similar procedure was used for quadratic plateau model as shown in the following equation for the simulated year 42:
Corn yield = 5,032.9 + 38.5828N + -0.1188N
2 (2) The quadratic-plateau model (equation 2) is considered an improvement over the quadratic model and usually gives a lower value of MERN for corn (Bullock and Bullock 1994; Hayes 2002 at 15.5% moisture content. This shows that corn yield on the sandy loam is more responsive to N applications, particularly at lower fertilization rates. A paired t-test for various N application rates was also performed on the MERN for the silt loam and sandy loam sites. The 9 kg of N per hectare difference (184 versus 175) in MERN was also signifi cant at P = 0.05. These results suggest that there may be room to fi ne-tune N fertilization recommendations on the basis of soil type, although the difference in actual recommendations would be relatively small (e.g., 10 kg of N per hectare). In addition, the data in Fig. 1 and 2 also indicate that the MERN varied signifi cantly from year-to-year due to climatic variability. The N response trend lines, for the wettest and driest years for silt loam and sandy loam soils, respectively, showed that the relatively dry years tended to give higher yields than did wet years. These outcomes are similar to results reported by Sogbedji et al. (2001) , who concluded that corn response to N application rates was minimally affected by soil type, but was strongly affected by yearly variations in early-season precipitation. Yield statistics were grouped by soil type (texture) to determine if a well-drained droughty soil such as sandy loam follows the same yield pattern as silt loam. To answer this question, the corn and soybean yields were simulated by the RZWQM for dry conditions on the sandy loam soil with a generated range of 70 and 20% of the normal precipitation amount ( Table 2 ). The analysis in Table  2 also shows that signifi cantly low water availability results in a slight reduction in corn yields, but not to the degree that has been observed in the fi eld. Classen and Shaw (1976) stated that a 40 to 50% yield drop could be possible if water is limiting at the silk emergence/pollen shedding stage of corn development. It is worth noting that soybean yields were more realistically simulated by the RZWQM for changes in precipitation amounts, suggesting that the selection of appropriate values for the crop input variables is a key factor in improving the RZWQM's performance.
MERN and Precipitation Effect
Corn yield data (1996) (1997) (1998) (1999) (2000) (2001) for Middlesex County, Ontario were obtained to evaluate the effect of precipitation patterns on crop yield. Statistical analysis, using least square difference (LSD), was conducted between MERN and various precipitation categories both seasonally and during the crop year (Table 3) . Results from the ANOVA indicated no signifi cant difference among precipitation categories for any of the seasonal periods at the 0.05 probability level. However, the 19 kg of N per hectare difference between the drynormal category and the dry category was signifi cant at the 0.10 probability level. A similar statistical analysis was performed on the MERN data using the quadraticplateau model, and showed no signifi cant difference among the various categories. These results imply that it would be diffi cult to adjust the MERN in advance of nitrogen application based on the previous season or inseason's observed precipitation or crop yield patterns.
The results of the ANOVA and subsequent LSD analysis performed on average annual NO 3 -N concentration in tile outfl ow and corresponding precipitation for the crop year are presented in Table 4 . The analysis showed a signifi cant difference (P = 0.05) among precipitation categories for average annual tile NO 3 -N concentrations except between the wet-normal category and the dry-normal category. Average annual tile NO 3 -N concentrations for tile outfl ow were higher in wet years than in dry years. This implies that on an annual basis, while the volume of water available to dilute the NO 3 -N concentrations is greater in wet years, the NO 3 -N loads being carried are even higher, resulting in higher NO 3 -N concentrations. It is evident from these data that the silt loam site could only achieve 4 mg·L -1 of the maximum contamination limit of NO 3 -N on an annual basis in the dry years (i.e., on an average one in every four years). It is also important to note that the RZWQM tended to underestimate tile NO 3 -N loads, meaning the average concentration values in Table 4 are likely low. It is also important to mention that the observed weather data used in ClimGen for this simulation were recorded at the London, Ontario weather station about 80 km from the site. Therefore, there is a possibility that some precipitation events (at least during the summer season) at the London weather station may not have occurred at the experimental site, and this might have affected the simulated results. However, these results tend to support the observation of Randall et al. (1997) who concluded that, for a row crop production system, it will be diffi cult to consistently meet the current water quality standards even if prudent N fertilization is followed.
Techniques relating the MERN to NO 3 -N loss would be valuable in assessing the relative environmental benefi ts of reducing crop production potential through reduced N fertilization. Therefore, the average annual concentrations of NO 3 -N in tile drainage water in the years of corn (48 years of corn in 96 years) were simulated for the silt loam site, using the RZWQM and ClimGen, and then plotted as a function of the different N fertilization rates. Like corn yield, the model simulated a wide range of average annual tile NO 3 -N concentrations. Exponential and quadratic models were tested in an attempt to fi t the tile nitrate concentration response data. The quadratic model gave the best fi t (R 2 = 0.9988). The resulting relationship between N application and the average N response for this site was:
where: [NO 3 -N] = the average annual concentration of nitrate in tile drainage (mg·L -1 ) N = the rate of fertilizer N applied (kg·ha -1 ).
Equation 3 was used to assess the long-term relative effect of different fertilizer application rates on annual tile NO 3 -N loss. The data in Table 5 were generated by using the MERN for NO 3 -N yields in equation 3. These data reveal that silt loam soil N fertilization rates greater than the MERN result in a very small increase in yield, but also in large increases in the average annual NO 3 -N concentrations in the tile outfl ow. Reducing nitrogen application rates to 50% of the MERN resulted in a 10.9% reduction in crop yield, but a 63% reduction in NO 3 -N concentrations in the tile outfl ow. A similar approach can be applied to estimate NO 3 -N concentrations entering groundwater at different fertilization rates relative to the MERN in groundwater sensitive zones. Table 6 provides a summary of the seasonal tile NO 3 -N loads simulated over a 96-year period by the RZWQM for N application at planting, side-dress, and split-N strategies on the silt loam soil. On average, under a cornsoybean rotation and with N application at planting time, about 56.3% of the simulated loads occurred during the winter season (December 15 to April 14), 34.8% during the spring season (April 15 to June 30 or N application at planting) and the remaining 8.9% largely during the fall period (September 15 to December 14). Therefore, minimizing the amount of available NO 3 -N during the winter and spring seasons should reduce the chance of NO 3 -N loss. In addition, by separating the seasonal tile NO 3 -N loss for corn and soybean, the years of corn had on average 31.9% higher losses compared to the years of soybean production. This is as expected because no fertilizer N was applied to the soybeans. Higher NO 3 -N loads in the spring of soybean planting is likely a combination of residual fertilizer N from the previous corn year, and reduced fi eld cover and water uptake by the soybean crop in the early spring. Also, the NO 3 -N loadings under soybeans are somewhat more distributed across the winter and spring seasons.
Effect of N Management on Tile Water
A comparison of NO 3 -N loads for planting-time N application and side-dress N application suggests there is a minimal long-term benefi t in applying N as a sidedress rather than at planting time (Table 6 ). Although side-dress N application reduced (5.8 kg) environmental losses during the spring period of corn production, the tile drainage NO 3 -N load from the side-dress application was higher for the following winter (32.12 kg). Overall, the long-term average reduction in NO 3 -N loss resulting from side-dress application on a silt loam site is nonsignifi cant (only 1.3%); however, the reduction in corn yield was signifi cant (5.8%) at the P = 0.05 level.
The results of split N application suggest an 11.3% reduction in long-term tile NO 3 -N loadings compared with a single application at planting time (Table 6 ). The split N application reduced the tile loss by 10.2% compared with a single side-dress application. Crop yields for split N application, however, were 7.6 and 1.9% lower when compared with the planting and sidedress applications, respectively. Also, the 7.6% yield difference was signifi cant at P = 0.05.
These observations support the need to investigate management methods that can reduce the frequency of use of commercial fertilizer over a crop rotation cycle. These results also show that these N management practices can reduce the NO 3 -N losses to shallow groundwater during and after the growing season. Table 7 summarizes the model output for N applications at planting, side-dress, and split N applications on the sandy loam soil, a soil most vulnerable to leaching losses. Side-dressing of N application reduced NO 3 -N loads in the tile outfl ow by approximately 13% compared with application at planting time. The side-dress option also resulted in a signifi cant (3.3%) reduction in corn yields at P = 0.05. The analysis also suggests that shifting the time of application closer to the time of crop uptake results in a slight decline in crop productivity and a small net reduction in NO 3 -N loss.
Effect of N Management on Groundwater
Results from split N application on sandy loam soil suggest a reduction of nitrate loss to groundwater by 11.9% and crop yield by 0.7%, respectively, relative to a single application at planting (Table 7) . Compared with a single side-dress application on this soil, split N application did not improve the long-term quality of groundwater. Split N application also resulted in minimum loads to groundwater in spring for corn and soybean. In addition, the crop yield was approximately 2.8% higher with split N application. Tables 8 and 9 summarize the long-term annual NO 3 -N loads in tile outfl ow and groundwater from two crop rotations (corn-soybean and corn-soybean-soybean) for the silt loam and sandy loam sites, respectively. All fertilizer N was applied at planting to evaluate the effect of crop rotation. Reducing the area of corn in the rotation by 33% reduces the net amount of tile NO 3 -N loading by 19.1% on the silt loam site. The same crop rotation change at the sandy loam site reduced NO 3 -N loads to groundwater by 5.7%. This percentage reduction is signifi cantly less than the reduction reported by Ryan and Stokman (2000) on this site. Corn-soybean rotation did a better job in terms of reducing NO 3 -N loads during spring when compared with corn-soybean-soybean rotation; however, the results were opposite for winter. Overall, comparing Tables 8 and 9 , it can be concluded that corn-soybean rotation is an environment friendly system during the crop year.
Effect of Crop Rotation
Conclusions
The conclusions drawn are as follows:
Ontario's current general N recommendation for
• rotational corn in southwestern Ontario is quite close to the long-term average MERN simulated by the RZWQM. However, the MERN for corn fl uctuates signifi cantly from year-to-year in response to weather patterns. However, The application of a quadratic-plateau model for
• estimating the MERN would likely result in a net decrease in Ontario's general N recommendations for corn. Also, previous season and in-season weather patterns are not good predictors of the MERN for a given crop year.
Soil type had a small but signifi cant effect on the • MERN. Although the difference was small, the results show that adjusting N recommendations to account for this effect would be practical. Side-dressing of N application resulted in a
• nonsignifi cant reduction in long-term NO 3 -N loss to tile outfl ows, and in a signifi cant reduction in corn yield on the silt loam soil. Side-dress application of N on sandy loam resulted in a signifi cant reduction in corn yield and NO 3 -N loss to groundwater. Changing crop rotation from corn-soybean to corn-
• soybean-soybean resulted in a greater reduction in nitrate loads in the tile outfl ow on a silt loam soil than on a sandy loam soil.
Recommendations
This study has identifi ed the areas where further research is needed to advance the use of agricultural systems models for evaluating BMPs in Ontario. For example, the RZWQM does not handle frozen soil conditions, a common condition in Ontario; therefore, continued development and testing of the RZWQM for winter conditions is required. The evapotranspiration and plant water uptake • components of the RZWQM need further testing and evaluation to understand the reasons for the high variability of the model's prediction of actual evapotranspiration. In addition to corn and soybean crops, a range of crops needs to be simulated if this model is to be used to evaluate BMPs in sensitive groundwater regions of Ontario. Also, more fi eld work is needed to assist with identifying • suitable values for a number of coeffi cients used in the RZWQM's OMNI model (Organic Matter/Nitrogen, nutrient process sub-model) for southern Ontario conditions. Implementing these recommendations would considerably advance the use of agricultural systems models for testing BMPs in Ontario. Such improved models would also be valuable in identifying compensation packages for producers required to reduce N application rates to less than the economic production rates in order to achieve identifi ed water protection targets. 
